Results are reported from a search for new particles that decay into a photon and two gluons, in events with jets. Novel jet substructure techniques are developed that allow photons to be identified in an environment densely populated with hadrons. The analyzed proton-proton collision data were collected by the CMS experiment at the LHC, in 2016 at ffiffi ffi s p ¼ 13 TeV, and correspond to an integrated luminosity of 35.9 fb −1 . The spectra of total transverse hadronic energy of candidate events are examined for deviations from the standard model predictions. No statistically significant excess is observed over the expected background. The first cross section limits on new physics processes resulting in such events are set. The results are interpreted as upper limits on the rate of gluino pair production, utilizing a simplified stealth supersymmetry model. The excluded gluino masses extend up to 1.7 TeV, for a neutralino mass of 200 GeV and exceed previous mass constraints set by analyses targeting events with isolated photons.
35.9 fb −1 . The spectra of total transverse hadronic energy of candidate events are examined for deviations from the standard model predictions. No statistically significant excess is observed over the expected background. The first cross section limits on new physics processes resulting in such events are set. The results are interpreted as upper limits on the rate of gluino pair production, utilizing a simplified stealth supersymmetry model. The excluded gluino masses extend up to 1.7 TeV, for a neutralino mass of 200 GeV and exceed previous mass constraints set by analyses targeting events with isolated photons. DOI: 10.1103/PhysRevLett.123.241801 Despite the success of the standard model (SM) of particle physics, there are a number of indications, such as the cosmological observations of dark matter and the low measured value of the Higgs boson mass, that suggest the existence of new physics at the TeV energy scale. No evidence for new physics has been uncovered thus far by the LHC. Signs of new phenomena could be hidden by high rate background SM processes that have yet to be properly explored. A large number of well-motivated theoretical scenarios predict the appearance of new physics in protonproton collision events with low missing transverse momentum (p miss T ) and nonisolated photons and leptons, which would appear as multijet events in a collider detector. These scenarios arise in hidden valley models [1, 2] and a number of supersymmetric (SUSY) models, such as R parity violating SUSY [3] and stealth SUSY [4] [5] [6] .
Stealth SUSY predicts a hidden sector of particles with minimal couplings to the SUSY breaking mechanism. As a result, the superpartners in this sector are nearly mass degenerate. In the present analysis, a simplified stealth SUSY model is used as a benchmark. The model has only one light hidden sector superparticle pair, the singlino, and the singlet (S and S, respectively). Gluinos (g), the gluon superpartners, are expected to be created with large cross sections at the LHC and to decay to neutralinosχ 0 1 and a quark-antiquark pair. Stealth SUSY assumes gauginos (either neutralinos or charginos), which decay to aS and a photon (γ), to be the portal to the hidden sector. TheS is expected to decay to an S and a massless gravitino (G), with the subsequent decay of the S to a pair of gluons. Because of the mass degeneracy of the hidden-sector pair, theG is expected to be produced with low momentum and the event to be characterized by low p miss T . A diagram depicting the decay chain of a gluino according to this simplified stealth SUSY model is presented in Fig. 1 .
Previous searches at CMS for stealth SUSY [7,8] required two isolated photons. The isolation requirement reduces the sensitivity for scenarios where a large mass difference exists between the electroweak gauginos, in this case theχ 0 1 and the colored superparticle (g). If this large mass interval is present, theχ 0 1 is expected to be produced with a large Lorentz boost and its decay products to be collimated, resulting in photons that are not isolated in the event. Since we search for events with jets composed of one photon from theχ 0 1 decay and a pair of gluons from the S decay, which we refer to as photon jets, our search is complementary to previous searches. It is possible to identify photon jets by utilizing a combination of existing and novel jet substructure tools. Within the simplified stealth SUSY model we consider, superparticles would be produced at the LHC in events with two photon jets associated with a large number of hadrons. The distribution of the total transverse hadronic energy of events containing photon jets is used to discriminate possible new physics obscured by the SM multijet background.
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter, each composed of a barrel and two end cap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by the barrel and end cap detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. Observed events that are considered potentially interesting are selected by a two-tiered trigger system [9] . A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. [10] .
Particle objects are reconstructed by the particle-flow algorithm [11] , from combinations of observations from the CMS detector components. The particle objects are clustered into jets using the anti-k T algorithm [12] implemented in FASTJET [13] with a distance parameter of 0.8 (AK8 jets) and 0.4 (AK4 jets). The AK4 jet collection is utilized mainly for triggering purposes, while the larger radius AK8 jet collection, for the reconstruction of theχ 0 1 decays. The primary vertex is defined as the reconstructed vertex with the largest quadratic sum of the transverse momenta (p T ) of AK4 jets clustered from tracks associated with the vertex and the negative vector-p T sum of these jets. Chargedparticle candidates not associated with the primary vertex are ignored to reduce pileup effects in the event reconstruction. Pileup refers to additional proton-proton (p p) collisions within the same or neighboring bunch crossings of the LHC beams. Jets are required to pass loose identification criteria [14] , to reduce misreconstructed jets and jets reconstructed from calorimeter noise [15] . In addition, energy corrections are applied to the jets [16] . Kinematic requirements of a minimum jet p T of 200 GeV and the jet pseudorapidity (η), to be −2 < η < 2 are applied to AK8 jets. The AK8 jet p T is used to measure the total transverse hadronic activity in the event, defined as
where the sum is over all the AK8 jets in the event. For the analysis, we consider events that have H T > 1 TeV and contain at least 3 AK8 jets.
The data analyzed were collected by the CMS experiment at the LHC from p p collisions at ffiffi ffi s p ¼ 13 TeV during the 2016 data taking period, and correspond to an integrated luminosity of 35.9 fb −1 . Events are selected by the trigger system if they pass a minimum H T requirement of 900 GeV, calculated using the AK4 jets with a minimum p T of 50 GeV and jηj < 2.5. For the purpose of correcting data-to-simulation differences, events were also collected with a combination of muon triggers, selecting events containing at least one muon with p T greater than 50 GeV. Pair production of gluinos for a range of differentg andχ 0 1 masses, with the S andS masses fixed to 90 and 100 GeV, respectively, are simulated using MADGRAPH5_aMC@NLO [17] . The decay and hadronization are done with PYTHIA [18] using the CUETP8M1 tune [19] for the underlying event and the NNPDF3.0 parton distribution functions (PDF) [20] . The detector is simulated with the CMS fast simulation package (FASTSIM) [21, 22] . To estimate systematic uncertainties related to the detector simulation, the full CMS detector simulation (FULLSIM) based on GEANT4 [23] is also used and its results are compared to those of FASTSIM. An uncertainty due to the hadronization model is evaluated by an alternative signal simulation with HERWIG [24] and the TUNEEE5C [25] underlying event tune. Signal events are normalized using the theoretical gluino pair production cross sections [26] at next-to-leading order, assuming a 100% branching fraction to theg decay channel shown in Fig. 1 .
We simulate SM processes to study the behavior of the background, to construct templates from which we estimate the efficiency corrections used for simulated signals, and to estimate the various uncertainties. The dominant background is from quantum chromodynamic (QCD) multijet processes. Simulation of QCD processes is done using MADGRAPH5AMC@NLO with MLM matching [27] and hadronized with PYTHIA8 with the CUETP8M1 tune. The production of hadronically and leptonically decaying W bosons in conjunction with jets (W þ jets) is also simulated this way. Top quark-antiquark pairs (tt) are simulated with POWHEGV2 [28] [29] [30] [31] and hadronized by PYTHIA8 using the CUETP8M2T4 [19] underlying event tune. As an alternative to PYTHIA, HERWIG with the TUNEEE5C underlying event tune are also used for hadronization of tt pairs. All samples are simulated with the NNPDF3.0 PDFs. The detector response is simulated using GEANT4. Each AK8 jet in the event is examined to identify candidate photon jets, which will have a three-prong substructure and a photon from theχ 0 1 decay. We require that there is at least one photon cluster in the AK8 jet, with p T > 20 GeV and at least 95% of the energy deposited in ECAL, consistent with a photon shower shape [32] . This photon candidate is also required to not have any associated hits in the pixel detector (pixel veto). Photons converting in the tracker material can produce multiple PF objects, which are replaced by the reconstructed photon object four vector. The photon and the AK8 jet constituents are reclustered using the k T algorithm [33] and the merging history is examined to identify the three subjets of the jet. The clustering algorithm combines two objects into one at each step. We identify as the first subjet, the less massive of the two objects merged in the last step of the clustering sequence. The other object, the more massive of the two, specifies the second and third subjets. To be considered a photon jet, the AK8 jet must have three subjets with p T > 10 GeV. We further examine the subjet that contains the photon and define the photon subjet energy fraction (f γ ) as the ratio of the photon's transverse energy to the subjet's p T . The f γ distribution is shown in Fig. 2 for data, simulated multijet backgrounds, and simulated signal. This variable is a measure of the activity around the photon and serves as a strong discriminator against the QCD multijet background.
An additional jet-substructure tool is used to enhance the discrimination between signal like three-prong jets, and background dominated single prong jets. In this approach, the N-subjettiness variables [34] denoted by τ N are used to determine the consistency of a jet with N or fewer prongs. The τ N values are defined as the following:
where the index i refers to each jet constituent, ΔR is the angular distance between a jet constituent and a candidate subjet axis, and d 0 is a normalization constant. Jets composed of three subjets should have small values for the ratio τ 3 =τ 1 . Photon jets are required to satisfy the condition τ 3 =τ 1 < 0.4. Photon jets satisfying the additional requirement f γ > 0.9 are categorized as tight photon jets, the rest are referred to as loose photon jets. Events are characterized by their multiplicity of loose and tight photon jets, and are labeled as X-Y where X is the number of loose photon jets, of which Y also satisfies the tight photon jet criteria. We define the signal region (SR) as that containing events with exactly two loose photon jets, while the background dominated region (BR) contains events with one or less loose photon jet. The SR is further split into three multiplicity categories, 2-0, 2-1, and 2-2, with the last one being the most sensitive to the signal. The SM multijet background is estimated from data. The probabilities for a QCD jet to be labeled as a loose or tight photon jet, referred to as mistag rates, are measured in the BR as a function of the jet p T and η. The loose mistag rate is measured by taking the ratio of the number of jets passing the loose selection in the BR, to the total number of the jets in the BR, as a function of jet p T and η. The tight photon jet mistag rate is the ratio of the number of tight photon jets to the number of all loose photon jets in the BR. The probabilities of each event to populate the three SR categories are calculated by generating an ensemble of 10 4 pseudoexperiments for each event in the BR, using the AK8 jet kinematic variables and the measured mistag rates. One can then obtain the background H T distributions, for each SR category. This is achieved by constructing an H T distribution of all events in the BR and weighting each event by the calculated probabilities for it to pass the SR selections. The mistag rates are varied within their statistical uncertainties to determine the uncertainty in the background prediction. It was found that the background contribution is underestimated in events where overlap between neighboring jets exists. Therefore, in each event, the minimum pairwise distance in the η-ϕ space between AK8 jets, defined as ΔR ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðΔηÞ 2 þ ðΔϕÞ 2 p , is required to be ΔR > 1.5. The validity of the background method is tested by confirming that there is agreement between prediction and observation for the numbers of events in the H T distributions and for their shapes. The tests are performed both with simulated events and with a subset of the data corresponding to 10% of the total integrated luminosity. In each case the method is found to achieve closure to within 5%. Other SM processes such as tt and W þ jets are simulated and estimated to have a negligible contribution in the SR.
To measure the signal efficiency correction for the loose and tight photon jet selections, since no SM process predicts jets composed of a collimated photon and two gluons, we select AK8 jets that are composed of an electron, a bottom quark and a final-state radiation gluon, originating from top quark decays. This approach requires the pixel veto constraint to be reversed in order to allow an electron in a jet to emulate a photon. A tt dominated sample is selected by tagging events in which the combination of a muon, a loosely b-tagged AK4 jet [35] and p miss T is back to back to an AK8 jet (probe jet). The probe jets are used for the measurement of the loose and tight photon jet rates. The measurement is done by fitting simulation-based templates to the probe jets, estimating the data composition (e.g., jets originating from light quarks or gluons, or fully merged hadronic W boson or top quark decays) and measuring the loose and tight photon jets selection efficiency. The procedure is repeated in simulation and the efficiency correction is defined as the ratio of the loose or tight efficiency measured in data over the one obtained from tt simulation. The templates are constructed using the probe jet mass. Using simulated top pairs and signal samples hadronized with PYTHIA and HERWIG, an uncertainty is derived to address the differences in the jet constituents between top and signal jets. Finally, the signal yield is scaled to correct for the difference between data and simulation, and the associated uncertainty in the yield is estimated by measuring the impact of changing the scaling factor by its uncertainty.
The dominant source of systematic uncertainty is the data-to-simulation efficiency correction for signal-like jets. This ranges from 30 to 50% depending on the event jet composition. The uncertainties considered and their magnitudes are listed in Table I . These include uncertainties associated with the following sources: background estimation, jet calibration and resolution corrections, which can affect the measured jet energy [36] , pileup modeling, the total integrated luminosity measurement [37] , simulation effects for signal such as the difference between the full and fast detector simulation, and the PDF choice [38] . Initialstate radiation effects on signal efficiency and triggering efficiency uncertainties are estimated to be negligible and not included. Systematic uncertainties are introduced as shape or normalization variations for the limit setting procedure, as indicated in Table I. The search is performed separately on events with exactly three AK8 jets and events with four or more AK8 jets. A joint statistical analysis is performed using the H T spectra in the six SR considered. The H T distributions in the SR are presented in Fig. 3 , where it can be seen that the data are consistent with the background prediction. We interpret the results as upper limits on the cross section for pair-produced Events with zero, one, and two tight photon jets are presented from left to right. The magenta line with the gray band corresponds to the background expectation obtained from data while the blue and red colored lines present two signal benchmarks. The lower panels present the data-to-background ratio with their respective uncertainties. gluinos, decaying according to the simplified stealth SUSY model, using a Bayesian limit setting method with a flat signal prior [39] . The systematic uncertainties are incorporated as nuisance parameters with log-normal priors and are assumed to be correlated among the six SR. The cross section limits for all SR categories are shown in Fig. 4 . Production ofg with masses up to 1.7 TeV are excluded at a 95% confidence level, for an assumedχ 0 1 mass of 200 GeV. For neutralino masses between 1.0 and 1.2 TeV, the maximum excluded gluino mass is 1. 5-1.7 TeV. This is the first result on boosted final states with photons and gluons merging into a single jet. The resulting limits improve over those obtained in previous analyses searching for isolated photons.
To summarize, a search for new particles decaying to a photon and two gluons in events with jets is presented. The search is performed in events with two jets that have substructure and are composed of a photon and two gluons. A dataset of proton-proton collisions at a center-of-mass energy of 13 TeV collected by the CMS experiment, corresponding to an integrated luminosity of 35.9 fb −1 , is analyzed. To identify the candidate jets, novel jet substructure techniques have been developed and used to complement established methods. The total transverse hadronic activity distributions of events in the signal region are compared to the expected distributions, estimated from data. No statistically significant excess is observed above the standard model background expectation. We establish upper limits at 95% confidence level on the cross section for gluino pair production, using a simplified stealth SUSY model. The excluded gluino masses extend up to 1.5-1.7 TeV, depending on the neutralino mass, with the highest exclusion set for neutralinos with a mass of 200 GeV. This is the first search of this kind targeting the region of parameter space where photons from neutralino decays are not isolated.
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